The Wnt-beta-catenin pathway (WP) regulates different aspects of cell fate, migration and polarity. Inappropriate deregulation of this pathway leads to oncogenic and metastatic changes. The Triple Negative (TN) subset of BC (the absence of hormone receptors and absence of amplification/overexpression of HER2 receptors) exhibits aggressive clinical behavior and has poor clinical outcome. We have recently identified WP as one of the key signature pathways in TNBC associated with metastasis [1,2]. Here we report for the first time that WP controls metastasis-associated phenotype of Vascular Mimicry (VM) in TNBC. We have established 2D and 3D models to study VM in this subset of BC and characterized different TNBC cell lines in terms of VM and identified the role of WP in the regulation of VM. To establish the role of WP in the regulation of VM in TNBC, we have used (1) a pharmacological inhibitor of beta-catenin which is a functional readout of WP and (2) signaling modulators of WP. Since PI3K-pathway is an upstream regulator of WP, we have also used inhibitors of PI3K-pathway to test our hypothesis. Mechanistically (1) sulindac sulfide (pharmacological inhibitor of beta-catenin) and XAV939 (modulator of WP) mediated decrease in beta-catenin, (2) XAV939 mediated increase in axin and (3) LY294002 or SF1126 (pan PI3K inhibitors) mediated decrease in pGSK3beta caused an abrogation of VM in various TNBC cell lines including BT20, HCC1937, SUM149, MDA-MB231 and MDA-MB468. Finally we obtained genetic proof-of-concept using beta-catenin SiRNA. SiRNAmediated downregulation of WP abrogated VM demonstrating the involvement of WP in VM. Functionally, our data show that VM in brain specific metastatic TNBC cells is mediated via activation of WP.
Introduction
Triple Negative (TN; negative for hormone receptors, and HER2 amplification/overexpression) or basal-like subtypes of Breast Cancer (BC) represents the most challenging diagnosis among BC patients as it confers a poor clinical outcome mostly due to the aggressive nature of the frequently occurring metastasis [3] [4] [5] . Despite recent reports that indicated the involvement of certain genes/signaling molecules related to metastatic pathways [6] [7] [8] [9] [10] in TNBC (includes both TNBC and basal-like hereof), there remains an unmet need for an in-depth study to identify major pathways associated with metastatic driver pathways in this subtype of BC. Vascular (vasculogenic) Mimicry (VM) of solid tumor is an endothelium-independent matrix-embedded, blood-perfused nonangiogenic micro-circulatory phenomenon.VM of tumor cells refer to the characteristic plasticity of aggressive cancer cells forming de novo vascular networks, which thereby function (1) to perfuse rapidly growing tumors, transporting fluid from leaky vessels and/or (2) to connect with the constitutional endothelial-lined vasculature [11] .
Recent discoveries suggest that this alternative mechanism of channel formation is derived from tumor cells [12] which contribute to establish tumor blood supply [13] . BC cells trans-differentiates to drive VM [14] [15] [16] [17] . VM is also reported to represent non-angiogenic pathway in breast-cancer metastasis [18] . Studies of aggressive BC have reported VM in the absence of endothelial cells as well as in the absence of central necrosis in the tumor, which indicated the presence of viable tissue without traditional intra-tumoral vasculature [19] . Shirakawa et al. [16] reported a haemodynamic connection between VM in inflammatory breast cancer and angiogenesis. Their data provided an evidence for the vascular phenotype of these tumor cells [20] . TNBC is a highly aggressive subtype of BC characterized by high malignancy and poor survival rates. Malignancy in TNBC is associated with microvascular proliferations. In a study comparing the VM in three subsets of BC, the presence of VM was more profoundly observed in TNBC than in luminal and HER2+ subtypes [21] . VM has also been observed in TNBC cell lines like MDA-MB-435 and BT-549 [22] .
Wnt/β-catenin signaling plays essential roles in embryonic development as well as tissue homoeostasis in adults [23] . The protein β-catenin is the most essential component of the Wnt growth factor signaling pathway and intercellular junctions. This ligand-driven signaling pathway regulates several cellular phenotypes related to the development and the progression of various cancers including breast [24] [25] [26] . Studies by Jonsson et al., stressed the need to identify elements that selectively drive the oncogenic activity of β-catenin in BC [27] . WP deregulations (via expression of Wnt-ligands, or secreted Wnt antagonists or APC inactivation) have been observed in BC [28] . Although the upregulation of WP in TNBC subtypes as well as its association with poor clinical outcomes has just started to emerge, the mechanism of involvement of WP in metastasis-associated phenotypes still remains either rudimentary or a matter of controversy since confirmatory reports relating to the mechanism of WP's involvement in breast tumorigenesis had been mostly obtained from mouse models [29] . Recently, we have identified a differential upregulation of Wntbeta-catenin signaling at the mRNA and protein levels in TNBC specimens and TNBC cell lines as compared to HER2-amplified and hormone receptor positive breast tumors [1, 2, [30] [31] [32] . Since this pathway plays a critical role in the integrin-directed migration and invasion of TNBC cells [32, 33] and migration is an instrumental event in the regulation of invasion of the tumor cells through the extracellular matrix, we hypothesized that the upregulation of WP in this sub-type of BC is functionally connected to the control of metastasisassociated phenotypes of tumor cells. This hypothesis is strengthened by our identification of MMP7 (key target-gene of this pathway), as a selective-biomarker of TNBC subtype [34] . The involvement of WP in the genesis, and the progression of TNBC begun to unfold from the works of Reis-Filho's team [29] and ours [1, 2, 31] in the context of BC heterogeneity, subtype-specific genomic events and outcome. Although WP's involvement in the control of various phenotypes of tumor cells has been reported in the context of HMGA2 induction and proliferation in metastatic TNBC [35] , its role in the context of specific tumor cell phenotypes is unclear.
Since TNBC is an aggressive form of BC subtype and VM is associated with the aggressiveness as well as the poor outcome in many solid tumors including BC, we hypothesized that the upregulation of WP in this BC subtype may have a functional relationship with VM. Here we report for the first time that WP is functionally related to VM in TNBC. With the help of pharmacological and genetic tools, we demonstrate that perturbation of WP (1) at different nodes and (2) via its upstream regulatory PI3K (Phosphatidylinositol-3-Kinase)-pathway, can regulate VM in TNBC cells. Our data showed that mechanistically, (1) sulindac sulfide (pharmacologic inhibitor of β-catenin) and XAV939 (signaling modulator of WP) mediated decrease in beta-catenin, (2) XAV939 mediated increase in axin (component of beta-catenin destruction complex) and (3) LY294002 or SF1126 (both are pan-PI3K inhibitors) mediated decrease in pGSK3beta caused an abrogation of VM in various TNBC cell lines. In the context of metastasis in TNBC, considering the involvement of VM in mediating the aggressive nature of this highly angiogenic subset of BC, we finally tested the effect of downregulation of WP on VM in brain metastasis specific EGFP tagged MDA-MB231BR cells using a real time confocal microscope. Our data clearly indicate that VM in brain specific metastatic TNBC cells of MDA-MB231is controlled by WP. 
Materials and Methods

Cell lines, reagents, drug treatments and antibodies
Cell culture and biochemical analysis
TNBC cell lines were all cultured according to standard protocols. Normalized cell lysates (20-40 µg protein) were resolved by 10% SDS-PAGE for Western blot analysis [36, 37] .
Vascular mimicry: Tubular network formation assay was performed as described by Mirshahi et al. [38] . VM was induced either by plating the cells on matrigel (2D VM) or covering (on top) the already matrigel plated cells with matrigel (sandwich) (3D VM). Briefly, cell suspensions (control and treated) were plated (1 ml/well) onto the surface of matrigel coated tissue culture plate and incubated at 37°C for different time points. Vascular mimicry was photographed using an Olympus inverted phase contrast photomicroscope. Tubular network formation was semi-quantified by counting the number of tubules in randomly chosen fields and by counting the average VM length and intersecting nods [39] . For 3D VM, cells (in the presence or absence of drugs) were placed on matrigel at zero hour. Following their attachment on the matrigel, cells are topped with 10% matrigel (in the presence or absence of drugs). VM was recorded at 24 hours. Typical cord formation in HUVEC (Human Umbilical Vein Endothelial Cells) cells has been tested using HUVEC cells (procured from ATCC; passage 8) for the comparison. HUVEC cords were stained with hematoxylin and PAS.
Real-time imaging of live cells:
Time-lapse images are acquired with a Nikon confocal system with cell culture chambers. Cells were placed on special dish with cover slip which was coated with matrigel. Cells those were placed on the dish and not the matrigel and cells on the matrigel were simultaneously recorded both for the non-treated and the treated conditions and bright-field images were acquired with a Nikon camera at 10 minutes intervals.
Transient transfection of beta-catenin SiRNA:
Silencing of betacatenin in TNBC cells was carried out using SiRNA. Cell lines were transiently transfected with human-specific beta-catenin SiRNA (Invitrogen Inc.) using Lipofectamin 2000 (Invitrogen Inc.) as described earlier [2] . In brief, cells were grown in 6 well tissue culture plates to 60-70% confluency and then transfected with SiRNA plasmids using lipofectamine. Cells were harvested at 72 hours. Beta-catenin, pGSK3β, and GSK3β protein levels were determined by Western Blot [36] . For the study of VM, transiently transfected (both control and beta-catenin SiRNA transfected cells) cells were plated on matrigel.
Statistical analysis: Students' T-test was used for testing the significance of the differences observed between treated groups and vehicle treated controls.
Results
Two-dimensional VM and three-dimensional VM in TNBC cell lines:
In order study the role of WP in VM, we standardized VM both in 2 and 3 dimensional configuration in different TNBC cell lines. TNBC cells exhibited both 2D and 3D VM (Figure 1) . The TNBC cells responded to VM stimulation at different time points. The earliest response was observed around 2-3 hours in BT20, Hs578t and MDA-MB231 ( Figure 1A) . By 24 hours, SUM149, DKAT, MDA-MB231BR and MDA-MB468 cells demonstrated 2D VM. BT20 cell line showed most pronounced 3D VM effect at 24 hours ( Figure 1D ). MDA-MB468 was least sensitive to VM. The time line of VM response of different TNBC cell lines is represented in Supplementary Figure 1 (S1). TNBC cells exhibited VM which was initiated as early as 5-6 hours and and its effect on VM in different TNBC cell lines. Wnt-beta-catenin signaling increases the half-life of beta-catenin and therefore the absolute level of beta-catenin in responding cells to mediate canonical Wnt signaling [40] . The model described by Staal et al. [40] states that the changes in beta-catenin stability set the threshold for Wnt signaling. We hypothesized that upregulation of the WP in this subtype of BC is functionally associated with the control of VM in tumor cells. We used cell line based models to test our hypothesis. Our primary matured by 24 hours. Typical cord formation in HUVEC cells stained with hematoxylin and PAS has been presented for comparison ( Figure  1E ).
Downregulation of Wnt-beta-catenin pathway following sulindac sulfide blocked VM in TNBC cell lines:
In order to know the involvement of WP in the regulation of VM, we used sulindac sulfide to decrease the cellular levels of beta-catenin validation strategy was focused on testing the effect of inhibition of (1) different nodal points of WP and (2) the signaling pathway that control WP on VM in TNBC cells. We have considered three nodal points for this pathway, (1) beta-catenin, (2) axin and (3) GSK3beta. Beta catenin levels were decreased by sulindac sulfide as well as betacatenin SiRNA. Axin1 and Axin2 were stabilized by XAV939. PhosphoGSK3beta levels were decreased by pan PI3K inhibitors. Our in vitro phenotypic experiments focused on beta-catenin because beta-catenin is the functional as well as biochemical readout of WP, and it can be pharmacologically (by sulindac sulfide) [41, 42] and genetically (by SiRNA) attenuated. Sulindac and its derivatives suppress beta-catenin's expression and beta-catenin's transcriptional activities in breast cancer and colorectal tumor cells [43] [44] [45] . Figure 2A (upper panel bar  diagrams) showed that sulindac sulfide administration (25-100 µM) caused a decrease in cellular levels of beta-catenin. A dose and timedependent loss of beta-catenin was reported as early as 24 hours after treatment with sulindac sulfide or sulindac sulfone (ranges 120-600 µM) via three different ways of induction of beta-catenin degradation [46] . We observed a similar decrease in the levels of beta-catenin in TNBC cells in our study and this supported our use of sulindac sulfide in the subsequent experiments. Taken collectively the sulindac sulfide mediated decrease in the level of beta-catenin in BT20 and SUM149 TNBC cell lines blocked VM. VM was tested in presence of drug for 6 hrs in BT20, MDA231and SUM149 cells (Figures 2B-D) . Our result demonstrates that WP regulates VM in TNBC cells.
Wnt-beta-catenin signaling modulators blocks VM in TNBC cell lines:
Sulindac sulfide is not a specific inhibitor of WP, two specific Wnt signaling modulators of WP, WntC59 and XAV939 were also used in this study. As Wnts are secreted protein ligands, they need membranebound enzymes that are required for their post-translational modification in order to enable their transport, secretion and activity. Hence, the first Wnt signaling modulator we used, Wnt-C59, (PatentWO2010101849) is a compound that prevents palmitylation of Wnt proteins by Porcupine (a membrane-bound Oacyltransferase),and thereby blocks Wnt secretion and activity (IC 50 <0.11 nM in Wnt-Luc reporter assay for Wnt pathway inhibition) [47] . We chose Wnt-C59 because it is more potent and selective, and has better chemical/physical properties, suitable for in vitro/in vivo studies.The PORCN inhibitor WntC59 blocked progression of mammary tumors in MMTV-WNT1 transgenic mice downregulating Wnt/beta-catenin target genes [48] . Our result shows that WntC59 treatment blocked VM in TNBC cells (Figure 3Bi ). APC and Axin are among key components of the beta-catenin destruction complex that promotes beta-catenin degradation ( Figure  4C ). The levels of Axin are controlled by tankyrases, members of the PARP-family of poly-ADP-ribosylation enzymes. Bao et al. examined the effect of inhibiting tankyrases, by XAV939 in breast cancer cells with normal APC and showed that application of the small molecule tankyrase inhibitor, XAV939 or siRNA-mediated abrogation of tankyrase expression increases Axin1 and Axin2 protein levels and attenuates Wnt-induced transcriptional responses in several breast cancer lines [49, 50] . XAV939 treatment in our study also increased Axin and decreased beta-catenin in MDA-MB231 cells ( Figure 3A) . Figure 3A shows that XAV939 treatment decrease beta-catenin levels and increase Axin levels in cells. XAV939 treatment blocked VM in TNBC cells (Figure 3Bii ). These data collectively substantiate our previous observations that WP has a regulatory role in mediating VM in TNBC.
Inhibitors of the PI3K pathway blocks VM in TNBC cell lines:
We tested the effect of pan PI3K (Phosphatidylinositol-3-Kinase) inhibitors in order to examine the effect of PI3K pathway on VM in TNBC. PI3K pathway regulates WP via AKT mediated phosphorylation of GSK3beta (Glycogen Synthase Kinase 3 beta) ( Figure 4C ). Both inhibitors of PI3K pathway, LY294002 and SF1126 decreased the levels of cellular pGSK3beta in HCC1937, MDA-MB231 and MDA-MB468 cells ( Figure 3C ). LY294002 and SF1126 mediated decrease in the levels of cellular pGSK3beta blocked VM in MDA-MB231and BT20 cells ( Figure 3D ). Treatment with SF1126 and LY294002 (30 minutes; 25 µM and 25 µM) significantly decreased the levels of pAKT (phospho-AKT; Ser473) TNBT cells (Supplementary Figure 2) .
SiRNA mediated downregulation Wnt-β-catenin pathway blocks VM in TNBC cells:
In order to obtain genetic proof-of-concept, we decreased the cellular levels of beta-catenin by beta-catenin SiRNA and tested the effect of SiRNA mediated decrease of beta-catenin on VM in TNBC cell. Figure 4A showed that transient tranfection of SiRNA time dependently (upto 96 hours) decreased beta-catenin levels in MDA-MB231. Figure  4B shows that SiRNA mediated decrease of beta-catenin blocked VM in MDA-MB231. Our result shows that beta-catenin, a functional read out of WP is a necessary component of VM in TNBC. The fact that a decrease in the protein levels of beta-catenin following the transient transfection of beta-catenin SiRNA in TNBC cells abrogated the VM response directly implies that VM is mediated by WP.
Downregulation Wnt-β-catenin pathway blocks VM of brain metastasis specific MDA-MB231BR cells in real time:
Encompassing the critical role of VM in metastasis of TNBC, we tested the effect of sulindac sulfide mediated downregulation of betacatenin on VM in brain metastasis specific MDA-MB231BR cells in real time. Downregulation of the Wnt-β-catenin pathway blocked VM in brain metastasis specific MDA-MB231BR cells in real time ( Figure 5 ). For each control (non-treated) and sulindac sulfide (50 μM) treated cells, two movies (4X) were acquired simultaneously from each plate, one from cells on the matrigel and the other from cells outside the matrigel. The movie of the non-treated control cells outside the matrigel (M1; "Outside the matrigel"-non-treated control) was used as an internal control of VM and compared with the movie of cells on the matrigel (M2; "On matrigel"-non-treated control). On the other hand, sulindac sulfide treated cells plated on outside the matrigel (M3; "Outside the matrigel"-Sulindac sulfide treated) were compared with the sulindac treated cells on matrigel (M4; "On matrigel"-Sulindac sulfide treated).
the matrigel"-non-treated control) is used as an internal control of VM and showed no formation of vascular structures in contrast to the cells on the matrigel ( Figure 5 M2 ; "On matrigel"-non-treated control) on the same plate. On the other hand, sulindac sulfide treated cells plated on outside the matrigel ( Figure 5 M3 ; "Outside the matrigel"-Sulindac sulfide treated) did not form any structures after 24 hours, while the sulindac treated cells on matrigel ( Figure 5 M4 ; "On matrigel"-Sulindac sulfide treated) formed rudimentary structures during the early hours of treatment which collapsed with time.
Discussion
VM represents the trans-endothelial differentiation of tumor cells [11] as it describes the ability of highly aggressive tumor cells to form vessel-like networks by virtue of their trans-differentiation property/ plasticity and its occurrence is strongly associated with poor prognosis in several tumor types [51, 52] . VM or vascular channel formation in vitro [12, 53] has been associated with angiogenesis. This matrix embedded, blood-perfused microvasculature participates in tumor progression independent of endothelial cell angiogenesis and is believed to be at least partially ascribed to the multi-potency of glioblastoma stem cells which are capable of trans-differentiation into vascular non-endothelial cells as in the case of GBM and other aggressive cancers [54] [55] [56] .
In a systemic review and meta-analysis by Cao et al. tumor VM has been shown to be associated with poor prognosis of human cancer patients wherein they reported that VM-positive cancer patients show a poor 5-year overall survival compared with VM-negative malignant tumor cases, particularly in metastatic cancers [57] . Results of this study indicate the need to further investigate the involvement of VM in metastasis. Molecular pathways for VM in tumor cells have been warranted serious scrutiny in the context of (1) potential therapeutic/ vascular targets, (2) diagnostic indicators of plasticity/angiogenic drug resistance and (3) the aggressive metastatic phenotypes [11, 58] . From the therapeutic point of view, the most important one from the above contexts is the role of VM in anti-angiogenic resistance. Neo vascularization originating from tumor cells has been reported to include VM, which has been suggested to be involved in the resistance to anti-VEGF therapy [59] . Thus, mechanisms of VM can be targeted in addition to anti-angiogenic therapies to achieve better results for patients with failure of anti-angiogenic therapy, such as bevacizumab in TNBC. One of the current chemotherapies against TNBC aims at vascular endothelial cells that orchestrate a significant component of blood vessels. However, it has been increasingly documented that an anti-angiogenic monotherapy did not deliver to the promise for improvement of patient for various reasons. For example, clinical trials using a neutralizing anti-VEGF antibody (bevacizumab, also named Avastin) revealed minimal benefit in BC. Phase III trials of antiangiogenic drugs for metastatic BC have either had only limited success, e.g. the monoclonal anti-VEGF antibody bevacizumab when used with various conventional chemotherapy regimens [60] . Among the reasons to help explain the limited benefits observed thus far include the possibility that anti-angiogenic drugs may secondarily aggravate biologic aggressiveness of the tumors, thereby reducing their overall efficacy after inducing an initial benefit [60] . In randomized phase III trials using anti-vascular endothelial growth factor (VEGF) approaches, Jain et al. reported that adding bevacizumab to chemotherapy failed to increase survival in patients with previously treated and refractory metastatic breast cancer [61] .These facts implicate that there may be an alternate escape route that accounts for the treatment failure/malignancy and VM may serve as an additional mechanism by which these highly invasive and genetically deregulated tumor cells obtain oxygen and nutrients to survive, especially in poorly vascularized regions of the tumor or the tumor cell use this route for the micro-dissemination. Recently, a number of research groups have demonstrated VM as an alternative vascular mechanism, which contributes to the central role of the vascularization as in GBM in which tumor cells participate [62, 63] . Reports by Qu et al. indicate VM as an alternative circulatory system, present in multiple malignant tumor types with a poor prognosis wherein VM serves as an adjunct to the existing vasculature system contributing to the metastatic process. In their central hypothesis they argue that when the endothelium-dependent vessels are inhibited by the effective angiogenesis inhibitors, the hypoxia of tumor cells caused by anti-angiogenesis may increase the chance of compensatively VM which provides a convenient route of tumor metastasis. Thus antiangiogenesis therapy may lead to promotion of tumor metastasis by increasing VM unintentionally [62] . In this context, our result proves that regulation of VM via WP can be an alternate novel approach to counter the anti-angiogenic resistance conditions in TNBC.
Recently, signaling pathways controlling VM in a number of aggressive solid tumors have been reported. Glioblastoma-derived tumor cells have been shown to induce VM through Flk-1 protein activation [52, 63] while the involvement of Notch signaling has been observed in melanoma VM [64] . To our knowledge, this is the first report to demonstrate a direct functional role of WP in the regulation of VM in TNBC. Four strategies were employed to understand the role of WP in VM. They are (1) Wnt-receptor interaction, (2) Wnt cytosolic signaling, (3) Wnt nuclear signaling and (4) Wnt-regulating pathway as schematically represented in Figure 4C .We used Wnt C59 to test Wnt-receptor interaction, XAV939 to test Wnt cytosolic signaling, sulindac sulfide and beta-catenin SiRNA to test Wnt nuclear signaling. Additionally pan PI3Kinase inhibitors (LY294002 and SF1126) were used to test Wnt-regulating pathway. Since the activation of the WP leads to an increase of beta-catenin protein via inhibition of its degradation [65] and sulindac sulfide mediated loss of beta-catenin occurs via reactivation of proteosomal degradation [43] , we chose sulindac sulfide for the attenuation of the pathway in order to test our hypothesis. Our current findings provide mechanistic insights into the role of WP in the control of VM in TNBC tumor cells, the vascularization that occurs in a number of human cancers including BC, GBM, ovarian and melanoma [12, 15, 66] . Identification of WP as a key factor regulating VM can offer a novel therapeutic target for TNBC. As a result, multiple anti-vascular approaches, including targeting VM and angiogenesis together with chemotherapy/targeted treatment can be designed as the best possible therapy regimen in combating against this devastating disease.
The armory of "targeted therapy" for the treatment of metastatic TNBC has been inadequate due to the lack of identification of pathwayspecific targets [6, 67, 68] and the absence of a validated targetedtherapy [69, 70] . Our recent study pointed out an up-regulation of the WP as a key expression signature of TNBC and revealed for the first time that the high expression of MMP7, a transcriptional target of WP, in a subpopulation of TNBC patients has been associated with the loss of tumor suppressor PTEN, the most common first somatic event associated with basal-like subtype. Our recent data is in agreement with our previous observation [1, 2] and a report by Khramtsov et al. which states the association of Wnt signaling in TNBC with poor prognosis and metastasis [71] . Here we report for the first time that the functional upregulation of WP is associated with VM function in TNBC. Our data categorize the activation of the WP with metastasis-associated phenotypes in TNBC, suggesting that the WP pathway can provide attractive pharmacological targets for TNBC.
